Tree species in tropical dry forests employ a wide range of strategies to cope with seasonal drought, including regulation of hydraulic function. However, it is uncertain if co-occurring lianas also possess a diversity of strategies. For a taxonomically diverse group of 14 tree and 7 liana species, we measured morphological and hydraulic functional traits during an unusual drought and under non-drought conditions to determine (i) if trees have different water-use strategies than lianas and (ii) if relationships among these traits can be used to better understand how tree and liana species regulate diurnal leaf water potential (Ψ diurnal ). In this Costa Rican tropical dry forest, lianas and trees had overlapping water-use strategies, but differed in many leaf economic spectrum traits. Specifically, we found that both lianas and trees employed a diversity of Ψ diurnal regulation strategies, which did not differ statistically. However, lianas and trees did significantly differ in terms of certain traits including leaf area, specific leaf area, petiole length, wood vessel diameter and xylem vessel density. All liana and tree species we measured fell along a continuum of isohydric (partial) to anisohydric (strict or extreme) Ψ diurnal regulation strategies, and leaf area, petiole length, stomatal conductance and wood vessel diameter correlated with these strategies. These findings contribute to a trait-based understanding of how plants regulate Ψ diurnal under both drought stress and sufficient water availability, and underscore that lianas and trees employ a similarly wide range of Ψ diurnal regulation strategies, despite having vastly different growth forms.
Introduction
Ongoing anthropogenic climate change has fundamentally altered biosphere-atmosphere interactions in forests globally (Bonan 2008) . Natural precipitation regimes are being altered by greenhouse gas emissions (IPCC 2007) , and more frequent and widespread drought is expected in the future (Dai 2012) . Both tree mortality events and declining tree growth rates have been attributed to widespread climate modifications such as drought and temperature stress (Phillips et al. 2009 , Allen et al. 2010 ). Tropical dry forests, which comprised~40% of forested tropical land area prior to widespread land-use change (Murphy and Lugo 1986) , are predicted to experience large decreases in annual precipitation (Karmalkar et al. 2011) . For example, regional climate models using the high emissions scenario (A2) from the IPCC (2007) predict that topical dry forest in the Pacific coast region of Costa Rica will experience an up to 16-25% decrease in annual precipitation by 2070-2100 (Karmalkar et al. 2011) . How trees and lianas (woody vines) respond to changing rainfall regimes in tropical dry forests likely depends on their physiological and functional traits (Allen et al. 2017) .
Tree species in tropical dry forests are recognized to have a wide range of strategies to cope with seasonal drought (Eamus 1999 ), but it is not clear whether lianas exhibit the same diverse array of strategies. Even though lianas are a polyphyletic group, as the climbing growth form has evolved independently multiple times (Burnham 2015) , they are generally treated as a single functional group due to their assumed similar morphological and physiological characteristics (Collins et al. 2015) . Based on distribution data across rainfall gradients, the abundance and diversity of lianas in dry tropical forests has led some to conclude that they are more droughttolerant than co-occurring trees (Schnitzer 2005) . Lianas have been shown to have higher photosynthetic capacity and to maintain leaf water status more effectively than trees when experiencing a soil water deficit . Greater liana rooting depth is one mechanism that might promote drought resistance compared with trees (Restom and Nepstad 2004) . Paradoxically, however, lianas are also expected to be more vulnerable to embolism and cavitation because they generally have longer and wider wood vessels than trees (Ewers et al. 1990 , Gutiérrez et al. 2009 ). Lianas have also been shown experimentally to be less resistant to cavitation than trees at early ontogenetic life stages (van der Sande et al. 2013 ). Thus, while it is well established that lianas differ from trees in leaf traits such as foliar nutrients and allocation to defense (Asner and Martin 2012 , Wyka et al. 2013 , Collins et al. 2015 , it is not clear whether they differ from trees in key hydraulic traits that determine species' responses to specific rainfall regimes.
Plants regulate leaf water potential (Ψ leaf ) diurnally (Ψ diurnal ) using two main water-use strategies: (i) isohydric (or droughtavoiders) plants maintain approximately constant Ψ leaf throughout the day by regulating the opening and closure of their stomata and (ii) anisohydric (or drought-tolerators) plants keep their stomata open and allow Ψ leaf to decline through the day (Tardieu and Simonneau 1998, McDowell et al. 2008) . The slope (σ) of the relationship between mid-day (Ψ leaf md ) and pre-dawn leaf water potential (Ψ leaf pd ) can be used to group plant species into these categories on a continuum from strict isohydric (σ = 0) to extreme anisohydric (σ > 1) strategies over seasonal time scales (Martinez-Vilalta et al. 2014) . Identifying which plant functional traits underlie these water-use strategies is an active area of study, at least for trees (Wright et al. 2004 , Reich 2014 , and functional traits syndromes may further elucidate mechanisms behind water-use strategies of both tree and liana species. In contrast to trees, which have a diversity of resource-use strategies, lianas in both tropical dry and wet forests typically fall on the fast (acquisitive) end of the plant resource spectrum based on leaf economic traits, and generally have high photosynthetic rates (Paul and Yavitt 2010 , Zhu and Cao 2010 , Wyka et al. 2013 , high foliar nutrient concentrations (Asner and Martin 2012, Wyka et al. 2013) , high nutrient-use efficiencies (Zhu and Cao 2010) , and thin leaves and low leaf mass per area (high specific leaf area (SLA)) (Asner and Martin 2012, Wyka et al. 2013) . It is unclear, however, if lianas have a common water-use strategy, as they generally do for leaf economic traits.
Some leaf economic and leaf hydraulic traits are not correlated in tropical and subtropical forests (Li et al. 2015) , as has been found elsewhere for leaf venation traits (Sack et al. 2014) . However, most plants fall somewhere along a single 'fast-slow/ acquisitive-conservative' spectrum of trait strategies (Reich 2014) , and thus there may be some degree of coordination among traits. In particular, wood is essential for the storage and transportation of water in plants, and anatomical traits such as xylem vessel density (Chave et al. 2009 ) are often related to plant water-use strategy (McCulloh et al. 2012) . Tree leaf habit (deciduous vs evergreen) has also been shown to drive wateruse strategy in tropical dry forests (Xu et al. 2016) , as evergreen species are typically able to maintain leaf function in the dry season, and deciduous trees generally have higher photosynthetic rates and greater stem hydraulic efficiency, or hydraulic conductivity per sapwood area (Fu et al. 2012 ). Here we examined liana and tree hydraulic responses during and after an unusual drought to determine how resource use strategies are related to water-use strategies of these two plant growth forms.
In 2014, tropical dry forest ecosystems in northwestern Costa Rica experienced an unusual drought event in which the onset of wet season precipitation was delayed by at least 3 months (Instituto Meterológico Nacional de Costa Rica 2015). We used this opportunity to quantify the impact of soil water availability on the maintenance of Ψ diurnal in a diverse set of tree and liana taxa. We measured Ψ leaf pd and Ψ leaf md of 14 tree and 7 liana species both during the peak of the drought (early August) in 2014, and well after the onset of wet season rains (late September). In addition, we quantified a suite of resource acquisition-related leaf and stem traits for each species. Our objectives were to (i) determine if tropical dry forest tree and liana species differ in hydraulic function and water-use strategies; and (ii) examine relationships between morphological and hydraulic plant functional traits to determine if they can be used to inform how tropical dry forest tree and liana species regulate Ψ diurnal .
Materials and methods

Site characteristics
Our study was carried out in 2014 in a seasonally dry tropical forest in northwestern Costa Rica at Estación Experimental Forestal Horizontes (10.718 N, 85.594 W) , which is part of the Área de Conservación Guanacaste (ACG). Annual precipitation ranges from 880 to 3030 mm as measured at a neighboring sector (Santa Rosa); the dry season is 5-6 months in length, and the mean annual temperature is 25°C (www. investigadoresacg.org). The rains typically begin in May and taper off in mid-December. At the start of our study, the region was experiencing the most severe drought on record since 1950, during which precipitation in the first 4 months of the rainy season (May-August) was 43% of the 30-year mean (1765 mm) (Instituto Meterológico Nacional de Costa Rica 2015). Vegetation in our study area consists of secondary tropical dry forest with a mixture of early to mid-successional tree and liana species, with an average of 30 years of regeneration since grazing and other agricultural land uses (Spittler 2001) .
Sampling design and species selection
We selected 79 individuals of 14 tree (11 deciduous, 3 evergreen) and 7 liana species (Table 1 and Table S1 available at Tree Physiology Online), which have a wide range of functional traits such as specific leaf area (SLA), wood density (WD) and leaf habit (e.g., evergreen vs deciduous tree species) (Powers and Tiffin 2010) . We chose species with contrasting values of these traits to compare ecophysiological responses of tree and liana species to drought across a spectrum of resource acquisition strategies. All liana individuals we selected are deciduous, and all except for one species (Mimosa tenuiflora) are of the climbing growth form (not self-supported) (Isnard and Silk 2009) .
We originally designed our study with the goal of looking at species responses across sites that differed in forest cover and soil type. We selected three sites along a hypothesized soil water potential gradient based on soil order (from Vertisols to Entisols/Inceptisols), and measured soil water retention curves for each site, as well as soil moisture at four points at the base of every liana or tree individual sampled using a soil moisture sensor (SM150, Delta-T Devices, Burwell, UK). In May, 2017 we collected two 0-10 cm samples from each site and measured soil nitrogen and carbon concentrations (%) with an element analyzer (Elementar Cube, Langenselbold, Germany) and soil particle-size distributions (% sand, silt, clay) with a hydrometer (Bouyoucos 1962) at the University of Minnesota, USA. In June of 2017, after the canopy was fully extended, we measured mean canopy cover with a spherical densiometer (Forestry Suppliers, Jackson, MS, USA), taking four measurements every 5 m (facing each cardinal direction) along a 100 m transect. We did not find any inter-site differences in soil water storage ( Figure S1 available at Tree Physiology Online), and preliminary analysis showed no differences in species responses among sites, thus, we did not consider site effects in our analyses.
Ecophysiological measurements
In August (drought) and September (post-drought) of 2014 we clipped twigs with multiple sun-lit leaves from the tips of branches of trees, and at the terminal end of lianas, using a pole pruner. Pre-dawn collections began 1-1.5 h before sunrise. Midday collections were made between 11:00 and 12:00 h. After clipping, twigs with leaves were placed in individual polypropylene bags to minimize transpiration and stored in a cooler until processed within 2 h of sampling. To measure Ψ leaf we followed the methods of previous studies conducted in the dry tropics (Gotsch et al. 2010 , Hoeber et al. 2014 ) and removed two leaves per tree/liana with a razor blade, and measured pre-dawn (Ψ leaf pd ; MPa) and mid-day (Ψ leaf md ; MPa) using a pressure chamber (1505D, PMS Instruments, Albany, OR, USA). All Ψ leaf measurements were performed over 3 successive days for each sampling period.
On a subset of individuals (43 total, Tree Physiology Online at http://www.treephys.oxfordjournals.org measurements were made on sun-lit leaves in the field immediately after clipping leaves from trees or lianas with a pole pruner. These measurements were performed 1 week following the Ψ leaf measurements in August (drought), and 1 day following the Ψ leaf measurements in September (post-drought). Last, we calculated turgor loss point (TLP; MPa), saturated water content (SWC; g g −1
), osmotic potential at full turgor (Π o ; MPa), modulus of elasticity (ε; MPa), capacitance at full turgor (C FT ; MPa ) values for each species using leaf pressure-volume curves for two replicate individuals of each tree and liana species. We acknowledge the fact that two pressure-volume curves may not sufficiently capture intraspecific variability, but the large number of species we sampled limited our ability to collect more replicates. A different set of branches were clipped the day before, rehydrated overnight covered in a black polypropylene bag, and pressure-volume curves were performed using the bench dehydration method (Sack et al. 2016 ) and a pressure chamber (1505D, PMS Instruments). Turgor loss point (TLP), SWC, Π o , ε, C FT and C TLP were calculated from these curves using standard methods (Sack et al. 2016) . All pressure-volume curves were performed in December of 2014, before leaf senescence.
Leaf and plant trait measurements
In the field, diameter at breast height (DBH; cm) was measured for trees, and liana diameters were measured at 1.3 m above ground level (Gerwing et al. 2006) , to account for variation in plant size. During the August sampling, a suite of leaf traits were measured on three replicate leaves per tree or liana. Leaves were scanned and processed using ImageJ (Schneider et al. 2012 ) to calculate leaf area (cm 2 ). Leaf thickness (mm) was measured with a digital micrometer, and petiole length (mm) was measured with a digital caliper. Following these measurements, leaf fresh weight (g) was measured, and all leaves were then dried at 60°C for at least 3 days and re-weighed to determine dry weights (g). We then measured leaf water content (LWC; %), leaf dry matter content (LDMC; mg g ).
Wood anatomy measurements
Two cores per tree species were extracted with an increment borer at breast height. Lianas were cut at 1.3 m and a piece of wood was saved. All samples were stored refrigerated in 80% ethanol until processed. Some 15-50 μm of the transverse section of each sample was sectioned with a microtome, and two to four slides were made per species. Enough images per species were taken at ×50 magnification to ensure that at least 25 vessels per species were imaged. Images were analyzed using ImageJ (Schneider et al. 2012 ) and the total area and diameters (using the major and minor axis) were calculated from the lumen area of individual vessels in image (Fan et al. 2012) . Xylem vessel density was calculated as the number of wood vessels per mm 2 , and the diameter (mm) of each vessel was calculated using the major and minor axes of each vessel.
Other trait data
We obtained species level mean values of WD (g cm
) and leaf nutrient concentrations (nitrogen, carbon and phosphorus; %) from an existing trait database collected in the same region in 2007 at the same time (end of the wet season; AugustDecember) (Powers and Tiffin 2010) .
Statistical analyses
We focused our analyses on (i) comparing water-use strategies (isohydric vs anisohydric) between trees and lianas, and (ii) determining relationships between functional trait data and water-use strategies. All analyses were performed using R 3.2.3 (R Development Core Team 2016).
We used a linear mixed-effects model to group individual species into distinct categories in terms of how they regulate Ψ diurnal within both drought and non-drought conditions. Within this modeling framework we calculated the slope of the relationship between Ψ leaf md and Ψ leaf pd , allowing slope and intercept to vary randomly as a function of species (Martinez-Vilalta et al. 2014) . Specifically, using all Ψ leaf data collected in both time periods, during (August) and after the drought (September), we built a linear mixed-effects model with Ψ leaf md as the response, Ψ leaf pd as a fixed effect and species as a random effect (lme4 package in R). Data from both time periods ( Figure S2 available at Tree Physiology Online) were included in the model to characterize species' water-use strategies over a longer time scale (Martinez-Vilalta et al. 2014) . The slope (σ) of the random effects coefficients (Ψ leaf md /Ψ leaf pd ) indexes water-use strategy from isohydric (σ = 0; drought-avoider, where Ψ leaf is maintained constant) to extreme anisohydric (σ > 1; dought-tolerator, where Ψ leaf varies as a function of environmental conditions) (Martinez-Vilalta et al. 2014) . The slope (σ) was extracted from the final model output and is referred to as water-use strategy in the following analysis. A type-III ANOVA (for unbalanced data) was performed to test for differences in water-use strategy (response) using growth form (liana, deciduous tree, evergreen tree). Tukey HSD post-hoc tests (multcomp package in R) were used to test for significant pairwise differences between growth forms.
To test for relationships between plant trait data and wateruse strategies of trees and lianas we used linear regressions and Spearman's rank correlations (stats package in R). We constructed individual linear models with the water-use strategy for each species as the response, and mean trait data from leaf traits we quantified for each individual, and/or trait values from other sources, as predictors. For each model, Breusch-Pagan tests were performed to test for constant variance (car package in R), and Box-Cox transformations of the predictors were used if nonnormal residuals were detected. We used type-III ANCOVAs to test for the effect of growth form (liana, deciduous tree, evergreen tree) as a categorical variable, on the linear relationships of each trait (covariate predictor) to water-use strategy (response). Tukey HSD post-hoc tests were used to test for differences in responses between the growth forms.
Results
Magnitude of drought
Soil moisture values tripled from 12.1% volumetric soil moisture during the drought period in August to 38.5% following onset of the rains in September (t = −23.241, P < 0.001), underscoring the severity of the drought and demonstrating the large increase in soil water availability from August to September, 2014.
Site characteristics
The soil nutrient concentrations and particle-size distributions at these sites were very similar to regional values (Powers et al. 2009 ), indicating that local edaphic conditions did not likely drive differences in hydraulic function among individuals. Additionally, the variation among sites in terms of soil nutrients was low, as soil nitrogen % was approximately three times higher (0.22% by concentration) in the Entisols/Inceptisol sites than the Vertisol site, and the Vertisol site had approximately half the soil carbon concentration of the other sites (1.12-1.48% lower by concentration; Table 2 ). The Vertisol site had a characteristically high clay concentration (Deckers et al. 2001 ) that was 18% higher than the other sites, while the Entisols/Inceptisol sites had very similar soil particle-size distributions (Table 2) . Canopy cover in the Vertisol site was approximately half that of the other two sites (Table 2) following general stand structure patterns in this region. There were, however, no differences among sites in terms of soil water storage ( Figure S1 available at Tree Physiology Online), and preliminary analyses showed no interaction between sites and the hydraulic function of tree or liana species; therefore, we did not consider site effects further.
Tree and liana hydraulic function and water-use strategies
During the drought both trees and lianas fell along a large range of Ψ diurnal values, from essentially no change in Ψ diurnal to a change of over −2.0 MPa throughout the day (Figure 1a) . Similarly, liana and tree species fell along a continuum of values of water-use strategies (Figure 1b) . Values ranged from 0.32 to 2.35, thus, these species would be classified as isohydric (partial) or anisohydric (strict or extreme) (Table 1) . However, contrary to our expectations, water-use strategies did not differ by 
Differences in leaf traits and stem traits between lianas and trees
In contrast to water-use strategies, lianas and trees differed significantly in many leaf economic spectrum traits and some wood anatomical traits (Figure 3 ). The general pattern we observed was that lianas differed from deciduous trees but not evergreen trees, which often had intermediate values. On average, lianas had 57.1% (86.13 cm) less leaf area than deciduous trees (t = −0.23, P = 0.061), and liana mean SLA was 74.7% (98.91 cm 2 g −1 ) higher than deciduous trees (t = 4.51, P < 0.001). Evergreen tree mean leaf area and SLA were statistically equivalent to both lianas and deciduous trees. The rank order of mean petiole length among growth forms was: lianas = evergreen < deciduous, with lianas having 54.3% (30.4 mm) shorter petioles than deciduous trees (t = −3.10, P = 0.008). At the species level, liana mean wood vessel diameters were 77.2% (0.29 mm) smaller than deciduous trees (t = −4.58, P = 0.003), and the same pattern held true for maximum wood vessel diameters (lianas 0.37 mm or 63.3% smaller than deciduous trees; t = −3.91, P = 0.007). Evergreen tree mean and maximum wood vessel diameters did not differ from either lianas or deciduous trees. There was wide variation in wood vessel diameters for species that overlapped between our study site and data on the same species collected from other tropical forests (Table 3 ). There were no significant differences between deciduous trees, evergreen trees or lianas in terms of LDMC (F 2,78 = 0.55, P = 0.589), leaf thickness (F 2,78 = 2.17, P = 0.123), xylem vessel density (F 2,78 = 0.77, P = 0.488) or WD (F 2,78 = 0.94, P = 0.408).
Relationships between functional traits and water-use strategies
Among species, water-use strategy had a negative linear relationship with leaf area (R 2 = 0.26, P = 0.023) and mean leaf petiole length (R 2 = 0.306, P = 0.009), and had a marginally significant positive linear relationship with SLA (R 2 = 0.176, P = 0.066; Figure 4) , with the caveat that one value for Gouania polygama is driving the significance of the regression results (P = 0.19; Figure 4 with this value excluded). Individual ANCOVAs with each leaf trait as a predictor and growth form (liana, deciduous tree, evergreen tree) as a covariate showed that none of the significant relationships between leaf traits and water-use strategy were driven by specific growth forms (results not shown). In other words, when linear relationships existed between water-use strategies and leaf traits, both lianas and trees had the same pattern of responses. Minimum observed Ψ leaf had a negative linear relationship with both WD and g s (R 2 = 0.239, 0.414; and P = 0.050, 0.024, respectively; Figure 5 ), and the relationship between WD and minimum Ψ leaf did not differ by growth form (F 2,17 = 1.06, P = 0.367). However, lianas and evergreen and/or deciduous trees regulated g s in significantly different ways in terms of minimum Ψ leaf (F 2,39 = 6.96, P = 0.003). Lianas generally had higher g s values at more extreme minimum Ψ leaf levels (t = −3.61, P = 0.002; mean of −1.148 MPa lower than deciduous trees). There was a marginally significant linear relationship between WD and water-use strategy (R 2 = 0.16, P = 0.064; data not shown).
Spearman's rank correlations for all leaf and hydraulic traits were largely consistent with regression results (Table 4) , and large differences between liana and tree growth forms were not apparent when correlation tests were run separately (results not shown). Water-use strategy was negatively correlated with vessel diameter (r = −0.61, P = 0.027; Table 4) but this relationship did not differ by growth form (F 2,9 = 1.30, P = 0.319). Turgor loss point (TLP) was not correlated with water-use strategy (r = 0.11, P = 0.634) or minimum Ψ leaf (r = 0.24, P = 0.716; Table 4), and none of the other parameters calculated from leaf pressure-volume curves (SWC, Π o , ε, C FT and C TLP ) was correlated with water-use strategy or minimum Ψ leaf (data not shown). No relationships existed between water-use strategy (or minimum Ψ leaf ) and LWC, leaf thickness, LDMC, foliar nitrogen % or foliar phosphorus % (Table 4) .
Discussion
Water-use strategy can vary widely among tree species in tropical dry forests (Brodribb et al. 2002) , but to our knowledge only one other study has compared variation in Ψ diurnal between trees and lianas, and their focus was not specifically on the leaf and hydraulic traits that underlie Ψ diurnal regulation (De Guzman et al. 2016) . By taking advantage of an unusual drought that occurred after plants had leafed out, we were able to quantify hydraulic behavior in strongly contrasting climatic conditions. We first discuss the range of observed tree and liana functional traits and water-use strategies, and conclude by describing the relationships between functional traits and water-use strategies.
Tree and liana leaf traits
We found lianas and trees to differ consistently in terms of some leaf traits. Specifically, the liana species we measured had higher mean SLA than trees (Figure 3) , which is consistent with the findings of many previous studies (Zhu and Cao 2010 , Asner and Martin 2012 , Wyka et al. 2013 ) that lianas typically fall on the acquisitive (fast) end of the resource-use spectrum. Also consistent with the theory that lianas generally have more acquisitive trait syndromes than trees (Asner and Martin 2012) , we found lianas on average have longer petioles than trees (Figure 3 ), which is a strategy believed to confer greater light capture ability (Takenaka 1994) . By contrast, the pool of liana species we measured had a lower mean leaf area than trees (Figure 3) , and acquisitive species are assumed Figure 3 . Means of leaf and hydraulic traits of 14 tree (11 deciduous, 3 evergreen) and 7 liana species in a tropical dry forest. Error bars are 95% confidence intervals, and letters at the top of each bar indicate significant (P < 0.05) differences among groups by Tukey's HSD.
Tree Physiology Online at http://www.treephys.oxfordjournals.org to have larger leaves in order to maximize light capture (Bazzaz and Pickett 1980) . Additionally, while not statistically supported, we note the finding that evergreen trees had higher mean SLA than deciduous trees in our study (Figure 3) is not consistent with a previous study conducted in tropical dry forest in this region, which showed the opposite to be true (Powers and Tiffin 2010) . It is likely the small pool of evergreen tree species selected for our study (N = 3), which had a large variation among species in terms of mean leaf area (Figure 3) , differs from the community as a whole.
Tree and liana water-use strategies
Several studies have demonstrated that trees with different life history strategies (evergreen vs deciduous, pioneer vs late successional) or growth form (tree vs shrub (Markesteijn et al. 2011 , Martinez-Cabrera et al. 2011 , Fu et al. 2012 or tree vs liana (De Guzman et al. 2016) ) can have distinct stem and leaf hydraulic water regulation strategies (Markesteijn et al. 2011) , which are underpinned by distinctively different hydraulic and morphological traits. For example, trees can have coordinated wood vessel diameters and wood densities, but the same traits are not correlated in some shrubs (Martinez-Cabrera et al. 2011) . In turn, deciduous and evergreen trees differ in terms of their hydraulic efficiencies, wood vessel diameters and TLPs (Fu et al. 2012) , and pioneer and shade-tolerant tree species have different leaf hydraulic conductivity (Markesteijn et al. 2011) . However, water-use strategies and the traits underlying them have only been compared between lianas and trees in a few studies (van der Sande et al. 2013 , De Guzman et al. 2016 , and our results suggest considerable overlap in strategies.
For the taxa that we sampled, lianas and trees fall along a continuum of water-use strategies, and not into distinct functional groups (Figures 1 and 2) , in contrast to the many leaf traits that differed between lianas and trees (Figure 3) . Thus, the assumption that lianas are generally more drought-tolerant than trees (Schnitzer 2005) may not hold true for species in all tropical dry forests. By contrast, a study in a seasonally dry tropical forest in Panama with higher annual rainfall found that lianas had greater Ψ diurnal shifts than trees throughout the day (De Guzman et al. 2016) , which is the opposite of our finding that lianas and trees have a wide, overlapping range of water-use strategy values. For ease of comparison we discuss water-use strategies in terms of isohydric or anisohydric behaviors (Table 1) , and the lianas and trees we measured fell into both of these categories, but it is important to note that many species have water-use strategies falling along a continuum somewhere between these extremes (Figures 1b and 4) . Nevertheless, there were no significant differences between lianas, evergreen trees and deciduous trees in terms of mean water-use strategy (Figure 2 ), although we note that evergreen species were always anisohydric while deciduous trees and lianas had a diversity of water-use strategies (iso-and anisohydric; Table 1 ). These findings are an important step towards understanding how lianas function hydraulically, and could be helpful for defining a functional type for lianas in global vegetation models (Verbeeck and Kearsley 2016) . Lianas appear to be increasing in abundance in tropical forests (Schnitzer and Bongers 2011) , and modeling liana dynamics in changing climates will help to constrain the potential effects of changing liana demographics on carbon storage in tropical forests (van der Heijden et al. 2015) .
Relationships between functional traits and water-use strategies
In terms of the leaf economics spectrum, conservative (slow) and acquisitive (fast) trait strategies are well defined for leaf traits (Wright et al. 2004 ), but these strategies are not as well established for hydraulic traits (Li et al. 2015) . Trait syndromes in tropical dry forests have been defined as acquisitive for species that are less water-use efficient and therefore less droughttolerant, and conservative for species that are drought-tolerant (Lohbeck et al. 2013) . In theory, conservative species are assumed to be drought-tolerators, able to endure more water stress (i.e., more negative minimum Ψ leaf and be anisohydric), Table 3 . Mean tree wood vessel diameters (mm) for species that overlap in our database and six others.
Species
Our data and to have thicker and smaller leaves. By contrast, acquisitive species are assumed to be drought-avoiders (isohydric), and to have thinner and larger leaves (Lohbeck et al. 2013) . Consistent with these assumptions, our findings show that species with thicker and smaller leaves (conservative traits) may typically be anisohydric, and that species with acquisitive traits typically fall on the isohydric end of the water-use strategy spectrum (Figure 4 ). This finding needs further investigation in terms of SLA, as the relationship between SLA and water-use strategy is not significant if G. polygama, a liana that has particularly high SLA and is anisohydric, is removed from this analysis (Figure 4 ). Also consistent with overall trait syndrome/ water-use strategy relationships, we found that species with shorter petioles (conservative) are typically anisohydric, and Figure 4 . Water-use strategies for all species compared against leaf traits. Symbol shape indicates growth form (deciduous tree, evergreen tree, liana). Linear regression lines with 95% shaded confidence internals are included for significant (P < 0.05) and marginally significant (P < 0.1) relationships.
Tree Physiology Online at http://www.treephys.oxfordjournals.org species with longer petioles (acquisitive) are typically isohydric (Figure 4) .
In terms of stem traits, wood vessel diameter was negatively correlated with water-use strategy ( Table 4 ), suggesting that anisohydric species typically have smaller wood vessels (Table 4) . Acquisitive species generally have lower WD and larger wood vessels (Poorter et al. 2010) , so these findings are consistent with the theory that acquisitive species tend to be isohydric. Additionally, this result aligns with the hydraulic safety/ efficiency tradeoff, which postulates that species with larger conduit diameters are more vulnerable to cavitation (Pockman and Sperry 2000 , Wheeler et al. 2005 , De Guzman et al. 2016 ), as we found species that maintain consistent Ψ diurnal throughout the day (isohydric) are those with the largest vessels that are in theory more vulnerable. Surprisingly, the lianas we sampled had smaller wood vessels than deciduous trees, both in terms of mean ( Figure 3) and maximum vessel diameter (data not shown), and vessel densities (Figure 3 ), which contrasts with the assumption that lianas generally have larger wood vessels than trees (Angyalossy et al. 2012 ). We found similar results when Figure 5 . Minimum Ψ leaf (MPa) for all species compared against ln wood density and ln leaf stomatal conductance. Symbol shape indicates growth form (deciduous tree, evergreen tree, liana). Regression lines with 95% shaded confidence internals are included for significant relationships (P < 0.05). comparing wood anatomical traits between lianas and trees species widely distributed in the region ( Figure S3 available at Tree Physiology Online). Our results align with a study from a seasonally deciduous forest in Australia showing that deciduous trees have larger diameter vessels and lower xylem vessel densities than evergreen trees (Choat et al. 2005) , and in our study lianas follow the same pattern as evergreen trees (smaller vessel diameters, higher xylem vessel densities). This finding is consistent with liana wood anatomy following the 'packing-limit' tradeoff, which dictates that plants either have many small vessels or few large vessels in order to maximize vessel area for conductance while also investing in mechanical structure (Sperry et al. 2008) . Globally, compared with trees, lianas appear to have a wider variety of vessel diameters coupled with higher xylem vessel density (Rosell and Olson 2014) . It is possible that because lianas have been observed to experience embolism daily (Johnson et al. 2013) , having smaller diameter wood vessels in tropical dry forests may be a strategy to cope with the strong seasonal drought cycle. Our small sample shows that lianas in our study site have significantly smaller mean and maximum diameter wood vessels than the trees in our study (Figure 3) , which calls for a large-scale study of liana wood anatomical traits across precipitation gradients. Additionally, we note that the wide range of vessel diameter values from different studies for the same species can differ by a factor of four (Table 3) , which suggests high phenotypic variation in vessel diameter or discrepancies among investigators in how these data are collected.
To further investigate these differences, we compared our mean wood vessel diameter data to data in other databases and found that our sampled trees generally have larger vessels (L.K. Werden, unpublished) than those in other databases (Table 3 ) (Poorter et al. 2010 , Fichtler and Worbes 2012 , Olson and Rosell 2013 , Worbes et al. 2013 , Hoeber et al. 2014 , Scholz et al. 2014 ). This could be due to either (i) methodological issues or (ii) phenotypic variation. We are not able to differentiate between these two possibilities, but our data are internally consistent, and in the same general range as other datasets with species in common. Table 3 shows the considerable variation there can be for a single species in different datasets. For example, our data for Swietenia macrophylla are very similar to those of Fichtler and Worbes (2012) and Poorter et al. (2010) , but Hoeber et al. (2014) reports considerably smaller vessel diameters for this species. We therefore urge users of global trait databases (e.g., TRY) (Kattge et al. 2011 ) to consider sampling methodology and sample location, as well as inherent intraspecific variation, when drawing inferences from wood anatomy data on anything larger than the site scale.
Relationships between functional traits and minimum observed Ψ leaf Lastly, we investigated the relationships between minimum observed Ψ leaf , another indicator of a species' drought tolerance (Gotsch et al. 2010) , and functional traits. We found that minimum Ψ leaf was negatively correlated with WD, consistent with data from other studies of tropical dry forest and savannas (Gotsch et al. 2010) (Figure 5 ). One potential explanation for this pattern is that higher WD is an adaption to avoid embolism during drought stress (Bhaskar et al. 2007 ). Furthermore, this finding is again consistant with hydraulic safety/efficiency tradeoff, in that species that invest in the increased construction costs of having denser wood (smaller vessels) are generally less vulnerable to hydraulic failure at increasingly negative Ψ leaf (Pockman and Sperry 2000) . While the linear relationship between WD and water-use strategy was only marginally significant, this trend is also consistent with anisohydric (drought-tolerator) species generally having higher WD values. Significant negative linear relationships between g s ( Figure 5 ) and minimum Ψ leaf indicate that anisohydric species can maintain high g s at very negative Ψ leaf . By definition, this is a strategy of anisohydric species as they leave their stomata open for longer through the day and decrease Ψ leaf as a tradeoff (Tardieu and Simonneau 1998) , which is the pattern we observe in our data for the subset of species (14 out of 21) for which we measured g s ( Figure 5 ).
Although g s measurements were made only on a subset of species, our limited data suggest that lianas maintained high levels of g s at more negative Ψ leaf levels compared with cooccurring trees. Lianas can more quickly regulate stomatal closure than trees, and also photosynthesize earlier in the day compared with trees because they can reach maximum sap flux earlier . Thus, it is possible that the ability to maintain g s at more negative Ψ leaf is a mechanism that confers lianas the ability to cope with strong drought, which is important as lianas have been found to be more vulnerable to both leaf and stem embolism than trees (Johnson et al. 2013) . Additionally, while we did not find a correlation between g s and minimum Ψ leaf (Table 4) , higher xylem vessel densities are associated with higher values of potential hydraulic conductance in trees (Poorter et al. 2010) , and the fact that lianas in our study have higher xylem vessel densities than deciduous trees could potentially be driving the ability of lianas to maintain g s at more negative Ψ leaf .
Conclusions
Both trees and lianas have a diversity of strategies for coping with soil water deficits. The regulation of Ψ diurnal is one of these strategies, and trees and lianas in a seasonally dry tropical forest in Costa Rica fall along a continuous gradient of Ψ diurnal regulation strategies. While there were systematic differences in leaf economic spectrum traits between our tree and liana species that were consistent with previous studies, this diverse group of tree and liana species did not separate into distinct groups in terms of water-use strategy. These findings underscore the fact Tree Physiology Online at http://www.treephys.oxfordjournals.org that lianas have a range of water-use strategies, and the species we sampled are not functionally distinct from trees in our study system in terms of hydraulics. Lianas and trees showed considerable overlap in water-use strategy, and traits such as SLA, petiole length, g s and wood vessel diameters are correlated with these strategies. We did find, however, that lianas in this system had smaller wood vessels than tree species, which is the opposite of what is generally assumed, and calls for more in-depth study of tropical dry forest wood anatomical traits. These findings are a step towards a comprehensive trait-based understanding of how trees and lianas regulate Ψ diurnal not only under drought stress, but also when water is not limiting.
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